The airway epithelium represents an important barrier between the host and the environment. It is a first site of contact with pathogens, particulates, and other stimuli, and has evolved the means to dynamically respond to these challenges. In an effort to define the transcript profile of airway epithelia, we created and sequenced cDNA libraries from cystic fibrosis (CF) and non-CF epithelia, and human lung tissue. Sequencing of these libraries produced approximately 53,000 3' expressed sequence tags (ESTs). From these a non-redundant UniGene set of more than 19,000 sequences was generated.
Introduction
Cystic fibrosis (CF) is caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR), an epithelial chloride channel regulated by phosphorylation (28). Thus, CF is fundamentally a disease of epithelia. While the disease affects many organs, progressive lung disease accounts for most of the CF-associated morbidity and mortality (5) . In addition to its chloride channel function, there is evidence CFTR has complex regulatory interactions with other cellular proteins. Genomics-based approaches to identify novel transcripts and study gene expression in human airway epithelia could provide new insights into epithelial function and CF disease pathogenesis.
The goal of the present study was to apply methods of focused gene discovery to human airway epithelia.
The lung is comprised of airway and alveolar epithelia, submucosal glands, interstitial cells, vascular tissue, smooth muscle, cartilage, neuronal tissue, and circulating and resident hematopoietic cells. Mercer et al measured the total surface area of human airways from the trachea to the bronchioles and found it to be only 0.2 m 2 (15) . This is a small proportion of the estimated total area of the human alveolar surface area of 100 m 2 (15) . Furthermore, the estimated number of cells in the airways (~1 x10 This suggests that microarray-based studies using data sets derived from the human UniGene and EST collections may not fully reflect the transcript diversity of the airway epithelium. Furthermore, this finding suggests that focused gene discovery efforts may rapidly produce comprehensive collections of ESTs from airway epithelia or lung tissue.
Such approaches have been utilized in many cell and tissue types to identify a more comprehensive set of transcripts in these cells (9, 14, 18) .
In the present study, three tissue sources were utilized to construct cDNA libraries: were then each individually normalized, and a further 9,000 -13,000 sequences generated.
Finally, a subtracted library constructed from a pool of the two epithelial libraries was generated and sequenced. The resultant comprehensive UniGene set of the cDNAs expressed in airway epithelia and lung provides a novel tool for gene discovery and expression profiling in the airway epithelium and lung and may be of broad interest for studies of CF, asthma and other lung diseases.
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Materials and Methods

Tissue specimens and Cell culture
Tissue specimens
Adult and fetal (first and second trimester) human lung was used for isolation of total RNA and library construction. Human fetal samples from tissues of the following ages were included: 9, 12, 19, and 42 weeks. Adult lung from two donors was included. This study was approved by the Institutional Review Board at the University of Iowa.
Primary cultures of human airway epithelia
Airway epithelial cells were isolated from nasal, tracheal, and bronchial tissues obtained from CF and non-CF donors. Cells were seeded onto collagen-coated, semipermeable membranes (0.6 cm 2 Millicell-HA; Millipore, Bedford, MA) and grown at the air-liquid interface as previously described (10). Epithelial cells were cultured in a 1:1 mixture of Dulbecco's modified Eagle's media and Ham's F12 media (DME/F12), that was supplemented with 2% Ultroser G (BioSepra; Villeneuve, La Garenne, France) and 100 mU/ml penicillin, 100 µg/ml streptomycin, 10 µg/ml gentamicin, 25 µg/ml colimycin, and 75 µg/ml ceftazidime, 25 µg/ml imipenem, 25 µg/ml cilastin, and 2 µg/ml fluconazole.
Basolateral culture media was changed every 2-4 days. Representative samples from all epithelia preparations were evaluated for morphology using scanning electron microscopy to document the development of a ciliated apical surface. The bioelectric properties of each preparation were also characterized to verify phenotypes. All specimens were genotyped for CFTR mutations. All CF specimens used in this study were homozygous 12/29/03 PG-00188- 2003 7 or heterozygous for the DF508 mutation, the most common CF-causing mutation.
Samples used in the analysis were all well differentiated as determined by scanning electron microscopy, and showed bioelectric properties consistent with normal epithelia or manifested the chloride transport defect characteristic of CF. All samples were cultured for > 4 weeks prior to use in the studies. Samples were collected with approval from the University of Iowa Institutional Review Board.
Cell culture conditions
To prepare samples that reflect a broad range of the transcripts expressed by airway epithelia, we exposed cells to a variety of conditions (see Table 1 ). Because cells from non-CF epithelia were more abundant, they were treated with a greater number of Total RNA was isolated from the lung tissues and airway epithelia grown under different experimental conditions at the time points described in Table 1 using TRIzol (Gibco BRL)(4). The RNA isolated from each of the sources was pooled to construct separate RNA isolates for each source (fetal and adult lung tissues, non-CF epithelia, and CF epithelia). The resulting three pools of mRNA were poly(A) selected by oligo-dT chromatography and used for construction of three individually tagged cDNA libraries.
cDNA libraries
Directionally cloned start (non-normalized), normalized and serially subtracted cDNA libraries were constructed in a plasmid vector (pT7T3-Pac) from DNAse-treated poly(A)+ mRNA isolated from a number of fetal and adult lung tissues and primary cultures of human CF and non-CF airway epithelia, as previously described (3, 22) . A complete list of the culture conditions used is provided in Table 1 . Briefly, first-stranded cDNA was primed with a poly-dT oligonucleotide 
Sequencing
Di-deoxy terminator sequencing was performed in 96-well format by cycle sequencing using dRhodamine dye terminator chemistry (Applied Biosystems, Foster City, CA).
After thermal cycling, sequencing reactions were ethanol precipitated, resuspended in loading buffer containing formamide, denatured, and analyzed on an ABI 377 or an ABI3700 capillary sequencer. A detailed description of the sequencing protocol is available online at http://ratest.eng.uiowa.edu/localdocs/sequencing_protocol.html.
After data capture on the ABI sequencers, the gels were tracked (if necessary) and transferred to a centralized server. From there, the sequences were processed as outlined below and placed into a file-system hierarchy. Nucleotide sequences and per-base quality values were extracted from the ABI-generated chromatograph files (SCF files) using the phred base-calling program (6) . All of the sequences generated as a part of this research were submitted to dbEST and incorporated into the human UniGene data set.
Feature Identification and Quality Assessment
Expected EST features and overall sequence quality were assessed using ESTprep (19) and RepeatMasker (Smit and Green, unpublished data), as described in Scheetz and
Casavant (17) . Briefly, the features detected include vector and cloning site sequence, polyadenylation tail and signal, and potential contaminating sequences (bacterial, mitochondrial, vector). In addition, the library tag (as described in cDNA library creation)
is also identified, allowing discrimination of tissue source from a pooled cDNA library.
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The quality assessment protocol requires that several additional criteria be satisfied:
overall sequence quality (in phred q scores) greater than 25, percent of sequence (in nt) over q20 > 50%, and the quality-trimmed EST insert length of more than 100 bp.
Clustering
Local clustering of the ESTs was performed using the UIcluster program (v3.0.5) (25).
Default parameters were used, with the addition of allowing matching on both forward and reverse complement. This allowed rapid and robust novelty assessment of the ESTs generated in this project, an important component of the subtractive cDNA sequencing process. The human UniGene set ( (20); ftp://www.ncbi.nih.gov/repository/UniGene) was also used to further evaluate the novelty of the ESTs.
BLAST Analysis
BLAST-based sequence similarity was used to compare a representative element from each cluster against the non-redundant nucleotide database, dbEST, and the Affymetrix consensus sequences used to design the oligos. These sequences were obtained from NCBI's and Affymetrix's web-sites. A significance criteria of at least 100 bp and 90% identity was used in the BLAST analysis.
Assessment of genomic localization
The 3 ESTs with a polyA tail should align in the opposite orientation with respect to the known transcript. Sequences that did not overlap a known mRNA sequence and showed evidence of untemplated polyadenylation were considered novel in this analysis. The quality of the BLAT hits was assessed by their alignment scores. The distances reported are the minimum distance between the mRNA and EST alignment locations. In cases where the clone sequences are partially or completely contained within an mRNA, the clone was placed in the "overlap" category.
ORF analysis
The 3' and 5' sequences were assembled and translated in all three frames. These assemblies were then blasted against the non-redundant amino acid database from NCBI.
Sequences with hits with an E-value less than 0.01 were manually inspected to assess the identity of the hit.
Results
Library construction and sequencing
A total of seven cDNA libraries were created using mRNA isolated from airway epithelia and lung tissue, as described in Materials and Methods. Three initial singletissue libraries were constructed (normal fetal and adult lung, non-CF epithelia, and CF epithelia). To increase the gene discovery rate, three additional normalized cDNA libraries were made from the three starting libraries. Finally, a subtracted library was made from a pool of the two epithelia-derived libraries. From these cDNA libraries, a total of 52,980
3' EST sequences were generated. All ESTs that passed our quality criteria (as outlined in the Methods section) were deposited in the dbEST division of GenBank and incorporated into the human UniGene data set. The clones from this library ranged from 0.35 -2.5 kb in length. Unlike full-length sequencing projects (23), only end-sequencing was performed for the purpose of identifying novel 3' ESTs.
The ESTs generated are expected to consist primarily of untranslated sequence (UTR). In a comparison to annotated human mRNAs, ESTs from 2,228 of the 19,059
clusters aligned to one of the mRNAs, and 1,088 extended into the CDS. Thus we expect that slightly less than half of the ESTs with a polyadenylation tail and signal will contain coding sequence. This same analysis estimated an average UTR length of 772 bp.
Transcript profiles of non-normalized libraries
While normalized and subtracted libraries are excellent for efficiently identifying a comprehensive set of mRNA transcripts, they can not be utilized to infer an expression (Table 2A) , these included the polymeric immunoglobulin receptor, IL-8, and beta 2-microglobulin. Epithelial cytoskeletal and adhesion related gene products sequenced included beta 1 integrin and annexin A1. In addition, many genes with "housekeeping functions" were identified including ribosomal subunit RNAs, chaperones, beta actin and cellular enzymes. The CF epithelial library (Table 2B) (Table 2C) included surfactant protein C, surfactant protein A1, and many "housekeeping" genes. This result was expected, as the non-CF epithelia samples were treated with many more conditions designed to induce gene expression (Table 1 ). Confirming our prediction that the plasticity of the airway epithelial transcription profile would be highly regulated by environmental and non-environmental factors, both epithelial libraries contributed substantially to the collection of 19,059 clusters.
Gene discovery
Epithelial specificity of transcripts sequenced
One question of immediate interest was how well known epithelial specific genes were represented in this UniGene set. Table 3 From the complete set of 3' EST sequences submitted to Genbank, 3,168
were not selected for inclusion within the current UniGene build. While these 3,168 ESTs were not represented within the current UniGene build, they were available for incorporation into UniGene, and were included within the local clustering. These sequences defined a set of 879 clusters comprised only of sequences not included in NCBI's UniGene set.
A representative clone was selected from each of the 879 clusters not included in UniGene set. These clones were re-sequenced from the 3' and 5' ends to further assess their novelty. A total of 491 of these clones were further validated as novel based upon the lack of a significant BLAST hit (other than themselves) to a database of all human ESTs in dbEST. Those with a weak BLAST hit (less than 90% identity over 100 nt) are probably homologs of known genes. Those ESTS lacking any BLAST hit likely represent either novel transcripts or previously unobserved 3' ends. A final sequence composition analysis was applied to these 491 clones, identifying 199 clones in which the 3' EST contained polyadenylation tail and signal (canonical or alternative). As mentioned above, those sequences lacking a polyadenylation tail and/or signal likely represent internal sequence for previously discovered, but incompletely characterized/sequenced genes.
Both the 3' and 5' sequences from these 199 clones were aligned to the human genome using BLAT (11). Of these 199 sequences, 134 were determined to be the result of untemplated polyadenylation based upon alignment to the human genome (i.e., the homology to the genomic sequence does not extend into the polyadenylation tail). The genomic location and context were then evaluated using the UCSC genome browser (http://genome.ucsc.edu/; (12)). Specifically, the sequences were evaluated to determine whether they were associated with novel forms of known transcripts or represented potentially novel transcripts.
Only transcripts in the proper orientation were considered in this analysis, the results of which are presented in Figure 4 . 61 of these re-arrayed clones overlapped at least partially with previously reported transcripts, and another 5 fell within 1 kb of known genes. These clones most likely represent novel 3' ends of previously identified transcripts. Another 21 ESTs mapped within 1 and 10 kb of known transcripts. The identity of this group of sequences is more challenging to definitively classify. Because they were found to lie further from known transcripts, the probability that they are derived from a different (novel) transcript increases. It is likely that some of the 16 clones localizing within 1-5 kb of a known gene represent products of different transcriptional units. However, the majority may represent alternative 3' splicing and/or polyadenylation events. The 5 clones that localize even further (5-10 kb) from neighboring transcripts are more likely to represent novel transcripts, rather than additional 3' sequence for known transcripts. Of special note are the 47 transcripts that did not localize within 10 kb of any reported human mRNA sequence. It is quite likely that these clones represent previously unidentified transcripts. They may be low abundance transcripts or may be specific to lung epithelia. A list of these transcripts is available in the online supplement (Table 4) .
To further assess the novelty of the 47 sequences determined to be the most novel, two additional analyses were performed. The first was based on ORF (open-reading frame) analysis, to assess similarity to known genes, and the second was a comparison to the in silico predicted gene structures. The only homologies found to the ORFs identified from the ESTs were to Alu sequences (4 identified), and hypothetical proteins (3 identified; best E-value e-07). Of the 47 novel sequences, 10 fell within annotated in silico predicted introns, i.e., they did not align within predicted exons (transcribed sequences).
One interpretation of this result is that these ESTs represent 3' ends of these in silico predicted genes. Two more novel sequences fell near in silico predicted genes, and one partially overlaped with a in silico predicted exon.
Discussion
This study demonstrates the utility of a focused gene discovery effort in identifying transcripts of the lung and specifically the surface airway epithelium. Application of the combined approaches of cDNA library normalization and subtraction facilitated efficient gene discovery in airway epithelia. This approach has been effective in numerous gene discovery projects (see [http://genome.uiowa.edu/clcg.html] (3)). Importantly, the resultant UniGene set consists of 19,059 non-redundant cDNAs, including 879 not represented in the current NCBI UniGene build #161.
From these 879 clusters, 80 were eventually determined to have a high probability of representing novel transcripts. None of the novel ESTs identified were included in previous human genome annotations, indicating that they were missed. These findings demonstrate how focused cell or tissue specific gene discovery may reveal novel alternative transcripts of known genes and identify many new genes. They also call into question current estimates of ~25,000 -30,000 genes in the human genome (13, 16, 27).
The functions of these transcripts are unknown at present. number of treatments applied to the non-CF epithelia (see Table 1 ), and will be followed up in additional studies.
These results confirm and emphasize the potential yields from focused gene discovery efforts in specific underrepresented cells and tissues, and the value of in vitro manipulation of the cells prior to isolating input RNA for library construction and gene discovery. Our findings are consistent with previous findings in other organisms and tissues (human -(9); mouse - (14); rat - (18) .
In summary, we generated a UniGene collection comprising more than 19,000 transcripts expressed in human airway epithelia and lung, including many novel transcripts and hundreds of sequences not represented on commercial arrays. This gene collection may have broad applications for gene discovery and will be useful for large scale expression analysis for investigators interested in lung diseases. 
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